Long-range interactions between cortical areas are undoubtedly a key to the computational power of the brain. For healthy human subjects, the premier method for measuring brain activity on fast timescales is electroencephalography (EEG), and coherence between EEG signals is often used to assay functional connectivity between different brain regions. However, the nature of the underlying brain activity that is reflected in EEG coherence is currently the realm of speculation, because seldom have EEG signals been recorded simultaneously with intracranial recordings near cell bodies in multiple brain areas. Here, we take the early steps towards narrowing this gap in our understanding of EEG coherence by measuring local field potentials with microelectrode arrays in two brain areas (extrastriate visual area V4 and dorsolateral prefrontal cortex) simultaneously with EEG at the nearby scalp in rhesus macaque monkeys. Although we found inter-area coherence at both scales of measurement, we did not find that scalp-level coherence was reliably related to coherence between brain areas measured intracranially on a trial-to-trial basis, despite that scalp-level EEG was related to other important features of neural oscillations, such as trial-to-trial variability in overall amplitudes. This suggests that caution must be exercised when interpreting EEG coherence effects, and new theories devised about what aspects of neural activity long-range coherence in the EEG reflects.
Introduction
Since Paul Broca's pioneering studies of disfluent aphasias in the 1860s, neuroscientists have appreciated that different cortical areas are specialized for processing particular types of information (Broca, 1861a,b; Lorch, 2011) . Coordination between functionally specialized cortical areas through long-range connections is critical for guiding complex cognitive behaviours, and the disruption of such coordination had been implicated in a number of neurological disorders, which have been collectively referred to as 'disconnection syndromes' -a theory developed by neurologist Norman Geschwind that linked seemingly distinct neurological disorders (Geschwind, 1965a,b) . These include Alzheimer's disease (Delbeuck et al., 2003) , schizophrenia (Friston & Frith, 1995) , multiple sclerosis (Calabrese & Penner, 2007) , attention deficit disorders (Niedermeyer & Naidu, 1997; Mazaheri et al., 2010) and autism spectrum disorders (Geschwind & Levitt, 2007; Melillo & Leisman, 2009) , among others (Geschwind, 1965a,b; Catani & ffytche, 2005; CroninGolumb, 2010; Kleinschmidt & Vuilleumier, 2013) .
Some sixty years after Broca's discovery, the German psychiatrist Hans Berger recorded the first human electroencephalogram (EEG) using electrodes placed on the scalp (Berger, 1929) . One of Berger's earliest observations was the occurrence of salient band-limited oscillations in the EEG. Since that time, neuroscientists have hypothesized that oscillatory coherence may play a critical role in the functional connectivity between brain areas (Singer & Gray, 1995; Singer, 1999; Varela et al., 2001; Buzsaki & Draguhn, 2004; Fries, 2005 Fries, , 2015 Tallon-Baudry, 2009; Hahn et al., 2014; Bastos et al., 2015; McLelland & VanRullen, 2016) .
Disruption of typical patterns of coherence between the EEG measured at scalp sites is observed in human patients with disconnection syndromes (Leocani et al., 2000; Spencer et al., 2003; Babiloni et al., 2016; Duffy et al., 2017; Schwartz et al., 2017; Shou et al., 2017) . In experiments with non-human primates, coherence in local field potentials (LFPs) between brain areas measured with microelectrodes positioned intracranially near cell bodies has been linked to a number of cognitive functions such as selective attention (Gregoriou et al., 2009) , working memory (Salazar et al., 2012) , and decision-making (Nacher et al., 2013) . Despite these converging lines of evidence regarding the importance of oscillatory coherence between brain areas for cognition, there is currently no direct evidence about the precise ways in which coherence as measured at the scalp can be used to index the strength of correlation in the activity of underlying brain areas on a moment-to-moment basis. Some of the current open questions include the following: What type of brain activity might be reflected in coherence between EEG channels? Is it correlated spiking activity, coherence in local field potentials (LFPs), spike-field coherence or something else entirely? How strong is the relationship between such coherent brain activity and the coherence that can be measured at the scalp? What is the spatial scale of the brain structures that contribute to EEG coherence? Are the answers to the previous questions invariant across different brain regions and tasks contexts, or are they context-dependent? Here, we take the first empirical steps towards answering these questions by comparing inter-area coherence measured with EEG electrodes on the scalp to LFP coherence measured simultaneously using microelectrode arrays implanted into cortex.
The current understanding of EEG makes three key predictions that we tested in this study. The first prediction we tested concerns the type of signal which EEG coherence might reflect. It is commonly supposed that EEG signals are generated by post-synaptic potentials, via constructive summation of synaptic currents in the geometrically arranged apical dendrites of pyramidal neurones (Logothetis, 2003; Nunez & Srinivasan, 2006) . Thus, one might reasonably predict that EEG coherence would most likely be a reflection of coherence between LFPs, which are also dominated by postsynaptic currents (Buzsaki et al., 2012) . To test this prediction, we compared the coherence between EEG electrodes to the coherence of the LFPs recorded on microelectrode arrays implanted in nearby cortical tissue.
The second prediction we tested concerns the expanse of cortical activation that might contribute to coherent EEG signals. It is commonly supposed that EEG signals reflect coordinated activity of a reasonably expansive patch of contiguous cortex, as such coordination would provide the summation needed for small currents to be detectable at the scalp (Juergens et al., 1999; Nunez & Srinivasan, 2006) . Our approach enabled us to tap into this issue by examining both coherence between single LFP channels in each brain area of interest, as well as coherence between each microelectrode array as a whole. It is thus sensible to anticipate that the average activity across an entire array might be more strongly related to what is measured by EEG, as this average activity represents the type of summation that is assumed to underlie EEG signals.
The third prediction we tested concerns the spatial specificity needed to guide inferences about the cortical contributors to coherence measured with EEG. It is generally accepted that focal current sources in the brain generate diffuse voltage topographies at the level of the scalp. This is supported both by computational modelling studies (Nunez & Srinivasan, 2006) , and also by studies in which small focal currents of known location and intensity were injected directly into brain tissue (Tao et al., 2005; Ramantani et al., 2016) . Given these observations, one straightforward prediction is that coherence between neural sources should be fairly estimable from a range of locations across the scalp. For this study, we used an EEG montage in which electrodes were close to (yet not directly above) the areas where we implanted our microelectrode arrays, which enabled us to test this prediction. If we found that intracranial LFP coherence was related to the coherence measured with these nearby EEG electrodes, this would support the notion that coherence between brain areas can be assayed via their diffuse voltage topographies. In contrast, if we were unable to relate intracranial LFP coherence to our scalp-level measurements, this would suggest that the inferences that can be made from EEG coherence estimates might require more precise spatial specificity than is true for other types of EEG metrics, such as evoked potentials.
Taking these predictions together, our current study sought to directly test the hypothesis that coherence between EEG electrodes at the scalp tracks the coherence in LFPs between cortical areas recorded intracranially on a moment-to-moment basis. Moreover, we aimed to quantify the strength of any such relationship to gauge the robustness of EEG coherence as an index of the type of intracortical coordination that we measured; to be useful, any such relationship would ideally be fairly reliable, beyond being merely statistically significant. To this end, we implanted two microelectrode arrays, each spanning 16 mm 2 of cortex: one in extrastriate visual area V4 and the other in dorsolateral prefrontal cortex (PFC), areas which have each been implicated in the performance of cognitively demanding visual tasks (Petrides, 2005; Roe et al., 2012; Gregoriou et al., 2014) . Then, we tasked animals with a difficult visual change-detection task and assayed whether coherence as measured with EEG electrodes near the brain areas of interest was related to coherence between the neural populations as recorded intracranially. We found that coherence between EEG electrodes was not strongly related to coherence in LFPs recorded from the underlying brain tissue, and in a battery of control analyses demonstrated that the introduction of a craniotomy did not have an appreciable impact on scalp EEG signals. We conclude that caution is warranted when inferring the underlying neural sources of coherence in the scalp EEG.
Materials and Methods
Experimental procedures were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh and were performed in accordance with the United States National Institutes of Health's guidelines for the care and use of laboratory animals.
Analysis strategy
Our general approach was to record LFPs from chronically implanted microelectrode arrays in V4 and PFC of macaque monkeys simultaneously with EEG recorded at their scalps to test whether the coherence between the average voltages on the arrays was related to the coherence between nearby EEG electrodes. To address this question, we performed four main analyses: (i) we measured the strength of coherence between the relevant EEG electrodes; (ii) we measured the strength of coherence between LFPs (both at short and long distances); (iii) we measured the strength of coherence between LFPs in one brain area with the EEG signals recorded nearby; and (iv) we tested whether coherence between EEG channels was correlated on a trial-to-trial basis with coherence between the LFPs in the nearby underlying brain areas.
The first two steps, measuring coherence between brain areas at each measurement scale, enabled us to get a sense of the functional connectedness of the brain regions of interest. If we found both pairs of signals consistently had weak coherence, then one might not expect to find a relationship between the two scales. If, however, both pairs of signals consistently, or even occasionally, had strong coherence, then we might expect these periods of strong coherence to be shared across the measurement scales. The third step is a more direct test of the link between signals measured at the scalp and those measured intracranially. If an EEG electrode was not coherent with the nearby underlying LFPs, then it would not be surprising if inter-area coherence was also not related across the measurement scales. However, such an observation would be an important contribution to our understanding of EEG signals by highlighting the tenuousness of generalizability between LFPs and the EEG, even if those LFPs are averaged over a sizeable patch of cortex. If, on the other hand, we found that EEG electrodes were coherent with nearby LFPs, this would have important implications. First, it would reinforce the notion that focal current sources in cortex generate diffuse scalp topographies, and indicate that the sensitivity of scalp EEG to moment-to-moment fluctuations in underlying current is robust across a range of scalp locations. Second, this tight temporal correspondence between measurement scales would make it more likely that scalp-level EEG coherence could be used to index coherence between nearby underlying LFPs. If we still failed to find a relationship in this case, it would suggest that the circumstances that link coherence measurements across recording scales are quite particular, and inferences from scalp-level measurements about the functional connectivity of intracranial sources should be made narrowly and carefully pending further research. The fourth step is the key direct test of the relationship between scalp-level EEG coherence and intracranial LFP coherence.
We considered that introducing craniotomies to implant microelectrode arrays might have dramatically altered the way current flows to the scalp, potentially affecting the generalizability of our findings to human subjects. Thus, we performed an additional analysis of the effect of craniotomy on the EEG. We compared the effect of craniotomy on the reliability of EEG signals to the reliability of EEG signals between different subjects and the reliability across repeated sessions within a subject. We reasoned that if the reliability of EEG signals before and after craniotomy fell in a comparable range of that for these other two, well-known sources of variation in EEG signals, then the impact of the craniotomy was tolerable.
Subjects
We used four adult male rhesus macaques (Macaca mulatta) for this study. A replication of findings in at least two animals is the minimum to ensure reliable results. In the case of this study, all of the animals were engaged in other ongoing experiments that enabled EEG electrodes to be placed and these observations made with minimal additional effort. As all of our monkey subjects were actively involved in multiple projects with different experimental constraints, each subject had a different subset of data available for the analyses in this report. For one subject (Monkey P), we did not record EEG before performing a craniotomy, so that subject could not be included in the analysis of the effect of craniotomy on EEG signals, but this subject was used to measure inter-area LFP coherence. Two other subjects (Monkeys R and B) only had microelectrode arrays implanted in one brain area, and so could not be included in the analysis of inter-area coherence, but were used to measure the effect of the craniotomy procedure on EEG signals. Data from Monkey W were included in all the analyses.
Surgeries were performed in aseptic conditions under isoflurane anaesthesia. Opiate analgesics were used to minimize pain and discomfort perioperatively. A titanium head post was attached to the skull with titanium screws to immobilize the head during experiments. After each subject was trained to perform one or both of the behavioural tasks described below, we implanted one or two 100-electrode 'Utah' arrays (Blackrock Microsystems, Salt Lake City, UT). Each animal was implanted with one array in visual area V4 using methods described previously (Smith & Sommer, 2013) , and in two of the animals a second array in dorsolateral PFC of the same hemisphere. The PFC arrays were situated directly rostral to the arcuate sulcus and medial to the principle sulcus in cytoarchitectonic area 8ad (Petrides & Pandya, 1999) . The implantation of each array involved introducing a craniotomy approximately 20 mm in diameter in the skull overlying the relevant cortical area (Fig. 1) , which we subsequently covered with titanium mesh secured with titanium screws. Monkey P and Monkey W were each implanted with two arrays: one in V4 and one in PFC. Both arrays were implanted in the right hemisphere for Monkey P and both arrays were implanted in the left hemisphere for Monkey W. Monkey R and Monkey B were implanted with arrays in V4 of the right hemisphere only. However, for these subjects, we analysed only the effect of craniotomy on EEG signals, and intracranial array data from these subjects are not included in this report as those recordings could not be used to assay interarea coherence.
Behavioural tasks
Two tasks were used for the experiments described in this report: (i) a cognitively demanding, visual change-detection task; with the aim of eliciting interesting, task-relevant activity in both V4 and PFC; and (ii) a simpler, passive visual stimulation paradigm, which was easier for the subjects to perform. Data from the visual changedetection task were used to test the relationship between inter-area EEG coherence and inter-area LFP coherence. Data from the passive visual stimulation task were used to assay the impact of craniotomy on EEG signals.
Visual change-detection task
In brief: the subjects maintained central fixation as sequences of Gabor stimuli were presented in one or both of the visual hemifields, and were rewarded with water or juice for detecting a change in orientation of one of the stimuli in the sequence (the 'target') and making a saccade to that stimulus. The probable target location was block-randomized such that 90% of the targets would occur in one hemifield until the subject made 80 correct detections in that block, at which point the probable target location was changed to the opposite hemifield.
The fixation point was a 0.6°yellow dot at the centre of a flatscreen cathode ray tube monitor positioned 36 cm from the subjects' eyes. The background of the display was 50% gray. We measured monitor luminance gamma functions by photometer and linearized the relationship between input voltage and output luminance using lookup tables. We tracked the gaze of the subjects using an infrared eye tracking system (EyeLink 1000; SR Research, Ottawa, Ontario). Gaze was monitored online by the experimental control software to ensure fixation within~1°of the central fixation point throughout each trial. We excluded data segments during which a subject's gaze left the fixation window from analysis.
After fixating for a randomly chosen duration of 300 to 500 ms (uniformly distributed), a visual stimulus was presented for 400 ms, or until the subjects' gaze left the fixation window, whichever came first. For the initial trials within a block, a Gabor stimulus was presented only in the hemifield that was chosen to have a high probability of target occurrence for the block. These 'cue' trials were to alert the subjects to a change in the probable target location and were excluded from the analysis. The initial cue location was counterbalanced across recording sessions. Once a subject correctly detected five orientation changes during the cue trials, bilateral Gabor stimuli were presented for the remainder of the block.
Each trial consisted of a sequence of 400 ms stimulus presentations separated by 300-500 ms interstimulus intervals (uniformly distributed). Stimulus sequences continued until the subject made an eye movement, or 700 ms after a target was presented, whichever came first. For the first presentation in a sequence, the orientation of the stimulus at the cued location was randomly chosen to be 45 or 135 degrees and the orientation of the stimulus in the opposite hemifield, if present, was orthogonal to this. Subsequent stimulus presentations in the sequence each had a fixed probability of containing a target (uniform hazard function; 40% for Monkey W, 30% for Monkey P), that is a change in orientation of one of the Gabor stimuli compared to the preceding stimulus presentations in the trial. Within a block, 90% of targets (randomly chosen) occurred in one hemifield ('valid' targets) and 10% of targets occurred in the opposite hemifield ('invalid' targets). For valid targets, the orientation change was randomly chosen to be 1, 3, 6 or 15 degrees in either the clockwise or the anticlockwise direction. For invalid targets, the orientation change was always the near-threshold value of 3 degrees, clockwise or anticlockwise. We excluded target stimulus presentations from the analysis of neural data.
From the continuous recording, we extracted data segments for analysis from 100 ms preceding each stimulus onset to 400 ms following stimulus onset. We analysed six sessions of this task for Monkey W and 22 sessions for Monkey P.
Passive visual stimulation task
In the passive visual stimulation task, subjects began each trial by fixating their gaze on a centrally presented 0.6°blue dot for 200 ms. Then, a full-contrast sinusoidal grating stimulus was presented within a circular aperture 3.52°in diameter located 5.67°b elow the horizontal meridian and 11.61°to either the left (one-third of trials) or the right (one-third of trials) of the fixation point for 600 ms. Because this task was performed before any intracranial arrays were implanted, the parameters and location of the grating stimuli were not optimized to drive any particular neurones in visual cortex. At the conclusion of the 600 ms stimulus presentation interval, the fixation point was moved 8.76°in a random direction, and the subjects were rewarded with water or juice for making a saccade to the new fixation location. As a control for effects of the task structure in the EEG that were unrelated to the visual stimulus, on one-third of trials, no grating stimulus was presented and the subject was required to maintain fixation for 600 ms, after which the fixation point moved and the subject was rewarded for making a saccade to the new fixation location.
Three monkeys performed the passive visual stimulation task. We excluded sessions with excessively non-stationary EEG data (see section 'Benchmarking craniotomy effect sizes on VEPs and power spectra' below). Ultimately, we analysed one session of this task from Monkey R before and after introducing a craniotomy over right V4; one session of this task from Monkey B before and three sessions after introducing a craniotomy over right V4; and three sessions of this task from Monkey W before and three sessions after . Inset depicts the analysis strategy. First, we analysed coherence between EEG electrodes (a). Next, we analysed coherence between LFPs both within (b) and between (c) arrays. We then analysed coherence between the LFP arrays and the nearby EEG electrodes (d). Our key analysis was to measure trial-to-trial correlation between coherence estimates at the two measurement scales (e). We also measured trial-to-trial correlations of oscillatory amplitudes between measurement scales (f). (B) Dorsal (top) and lateral (bottom) views of a rhesus brain superimposed with electrode locations. The brain depicted was not from a subject of this study and is only for illustration purposes; the array icons are positioned according to anatomical landmarks, which vary between individual animals.
introducing craniotomies over left V4 and PFC. Monkey W also performed the change-detection task described above.
Electrophysiological recordings
We recorded signals from up to three electrode arrays: a Utah array implanted in V4, a Utah array implanted in PFC, and an array of eight Ag/AgCl EEG electrodes (Grass Technologies, Warwick, RI) adhered to the scalp with an electrically conductive paste. Signals from the arrays were band-pass filtered (0.3-250 Hz), digitized at 1 kHz and amplified by a Grapevine system (Ripple, Salt Lake City, UT). The EEG electrodes were positioned roughly according to a scaled version of the 10-20 system at these locations: Fz, Iz, CP3, CP4, F5 F6, PO7 and PO8 (Fig. 1 ). Each electrode array had a separate reference electrode and was amplified by an electrically isolated port in the amplifier. The reference electrode for the EEG was attached with a steel screw to the titanium head post (roughly at position Cz in the 10-20 system). The intracranial arrays each had a reference wire positioned subdurally and distant from the corresponding recording sites; using separate references for the two arrays reduces biased overestimation of coherence that could result if a shared reference was used (Shirhatti et al., 2016) . Because the intracranial reference wires were inside the skull, this also likely mitigated the potential 'floating reference' contamination that might occur with a relatively electrically independent reference on the scalp (cf. Hu et al., 2007) . We focused our analysis of the EEG data only on the pair of frontal and parietal electrodes ipsilateral to the Utah arrays (i.e., PO8 and F6 for Monkeys P, R and B, whose arrays were in the right hemisphere; and PO7 and F5 for Monkey W, whose arrays were in the left hemisphere), reasoning that the signals on these electrodes would be most likely to relate to the signals measured on the intracranial arrays because of their proximity. We also considered that measurements of EEG coherence between these electrodes might be affected by the use of the common head post reference (Hu et al., 2010) . Signal processing techniques such as independent components analysis or the derivation of current source densities can ameliorate this potential issue (Hu et al., 2007; Shirhatti et al., 2016) , but the sparsity of our electrode montage prohibited the application of these methods for this study. Another potential approach is to use bipolar references (Shirhatti et al., 2016) , which we tested during a preliminary analysis. Specifically, we re-referenced each EEG electrode of interest to the nearby midline electrode (e.g., we referenced F5 to Fz and PO5 to Oz). We found that the results using bipolar references were qualitatively similar to what we observed using the common head post reference, albeit noisier and less reliable, likely attributable to the noise-doubling effect of the rereferencing procedure (Fig. S1 ). Thus, we proceeded with the initial common reference as the most straightforward approach.
Receptive field (RF) mapping
Prior to beginning the visual change-detection experiment, we mapped the RFs of the spiking neurones recorded on the V4 arrays by presenting small (~1°) sinusoidal gratings at four orientations positioned one at a time on the vertices of a lattice covering the likely RF area per the anatomical location of the implant. We subsequently used a Gabor size and position to roughly cover the aggregate RF area. For Monkey P, this was 7.02°full-width at halfmaximum (FWHM) centered 7.02°below and 7.02°to the left of fixation, and for Monkey W, this was 4.70°FWHM centered 2.35°b elow and 4.70°to the right of fixation. For each subject, we used full-contrast Gabor stimuli with a temporal and spatial frequency that evoked a robust response from the population overall (i.e., our stimulus was not optimized for any single neurone). For the changedetection task, we presented a Gabor stimulus at the estimated RF location, at the mirror-symmetric location in the opposite hemifield, or at both locations simultaneously.
Coherence
We estimated coherence using the multitaper method implemented by the Chronux Toolbox (Mitra & Bokil, 2008) for MATLAB (The Mathworks, Natick, MA). We calculated spectral densities for the time window starting 100 ms following stimulus onset and ending at stimulus offset (i.e., 100-400 ms for the change-detection task, and 100-600 ms for the passive fixation task). Each data segment was tapered using the first five discrete prolate spheroidal sequences with a time-bandwidth product of 3. We then zero-padded the tapered data segments to 2048 samples, derived the two-sided Fourier transform, and then averaged the resultant spectra across the tapers used to derive spectral density estimates. Finally, we calculated the coherence as the magnitude of the ratio of the complexvalued cross-spectral density to the product of the two auto-spectral densities for each of pair of signals of interest. Two brain areas that are not, in fact, functionally connected may appear coherent if they each respond consistently, albeit independently, to a visual stimulus. Therefore, we also examined a stricter coherence measurement that asked whether two signals were coherent beyond this amount that could be accounted for by the consistent yet independent activation of the two sources. Specifically, we subtracted from each coherence measure of interest an estimate of coherence calculated on surrogate data in which we randomly permuted the trial order for one of the two signals of interest. We refer to this trial-shuffle-corrected coherence estimate as 'excess coherence' (D coherence). Significant excess coherence is a strong indication that the two signals are functionally related on a moment-tomoment basis. This approach is analogous to the use of shuffle correction in spike cross-correlograms (Smith & Kohn, 2008; Smith & Sommer, 2013) , and removes coherence that could be attributed to consistent, but independent, stimulus responses. However, we should emphasize that a lack of excess coherence does not mean that the two signals are not coupled. It may still be the case that the signals are both coupled and also following a consistent time course across trials (i.e., both signals are phase-locked to the stimulus onset). To summarize, our trial-shuffled comparison is a stringent test that can rule in that two areas are functionally connected, but cannot determine that two areas are functionally independent.
Data pre-processing and artefact rejection for coherence analysis Because the estimation of coherence is strongly affected by the presence of artefacts that are shared across the signals being compared, we sought to exclude Utah array channels with low signal-to-noise ratios. We estimated these signal-to-noise ratios by first deriving the average visual-evoked local field potentials in response to the visual stimuli that we presented, and then calculating the ratio of the standard deviation during the visual response (50-350 ms post-stimulus onset) to the standard deviation in the baseline period (À100 to 0 ms pre-stimulus). We excluded the 20% of channels with the lowest signal-to-noise ratios, and averaged over the remaining channels to obtain a single voltage measurement for each Utah array. The 20% threshold was quite liberal (i.e., some relatively 'clean' channels were discarded in addition to clearly noisy ones), and our results and conclusions were not meaningfully altered by moderate variation in the precise value of this rejection criterion.
To mitigate the effect of slow voltage drifts on the EEG signals, we subtracted the best-fitting linear trend for each channel on each data segment. Next, to identify excessively noisy EEG signals, we measured the standard deviation of the voltage on each of the eight EEG channels on each data segment. We rejected data segments for which any channel had a standard deviation less than 300 nanovolts (indicating a flat signal), or for which the standard deviation was outlying (determined as 10 standard deviations above the average for the entire session). We iteratively excluded data segments in which any channel had such outlying variance until no data segments met this criterion. This resulted in 95.7 AE 105.0 (mean AE SD over sessions) data segments excluded for Monkey W (1091.7 AE 930.0 data segments included in the analysis) and 136.3 AE 303.0 data segments excluded for Monkey P (1940.0 AE 561.0 data segments included). Our results and conclusions were not meaningfully altered by moderate variation in the precise values of these rejection criteria.
Visual-evoked potentials (VEPs)
To investigate the potential impact of craniotomy on the measurement of evoked EEG responses, we derived VEPs for the passive visual stimulation task using the Fieldtrip toolbox (Oostenveld et al., 2011) for MATLAB, and custom MATLAB scripts. First, we extracted data segments from the passive visual stimulation task from 2 s prior to stimulus onset to 2 s following stimulus onset. Next, we band-pass filtered the EEG data between 1 and 50 Hz using a fourth-order, two-pass Butterworth filter, then baseline-corrected each data segment by subtracting the average voltage over a window from À100 to 0 ms prior to stimulus onset and finally averaged over data segments. For plotting, we truncated the data segment to À50 ms preceding stimulus onset until stimulus offset (600 ms after stimulus onset). The number of data segments per session included in this analysis for each animal was (mean AE SD): Monkey R: 2160.5 AE 369.8; Monkey B: 1694.0 AE 540.6; Monkey W: 1327.3 AE 731.3. None of the available data segments was excluded from this analysis.
Power spectral analysis
We also asked whether introducing craniotomies might have altered the spectral characteristics of the EEG. Unlike evoked potentials, which are only defined with respect to a specific event (such as a visual stimulus onset), the EEG power spectrum can be measured in ongoing EEG independent of task context. Thus, for the analysis of power spectra only (i.e., Fig. 9 ), we divided the full continuous recordings from the passive visual stimulation task into non-overlapping 30 s segments (spanning across trial and inter-trial periods) and applied the FFT to each segment. This approach enabled us to use the maximum amount of data for the power spectral analysis and also provided high-frequency resolution (0.03 Hz). We normalized the power spectrum of each segment to have a unit integral from 1 to 50 Hz, and then averaged over all segments for each recording session. The number of 30 s data segments per session included in the power spectral analysis for each animal was (mean AE SD): Monkey R: 247.5 AE 13.4; Monkey B: 223.0 AE 49.6; Monkey W: 226.8 AE 74.0. None of the available data segments was excluded from this analysis.
Statistical methods
To test the significance of coherence, we first subtracted the average coherence obtained when the trial order was randomly permuted for one of the two signals being compared from the observed coherence values. Then, we tested statistical significance with one-sample ttests at each frequency point against a null-hypothesis of zero excess coherence with recording sessions as the degrees of freedom. Our overall type I error rate for the t-tests was a = 0.05, which we corrected for inflation due to multiple comparisons using Bonferroni's method.
To estimate trial-to-trial correlation between coherence or amplitude values, we used Spearman's rank correlation at each frequency point, applied Fisher's r-to-z transformation to the resulting coefficient values, and then smoothed the resulting correlation coefficients over frequency using a 1.95 Hz moving average. We tested statistical significance with one-sample t-tests at each frequency point against a null-hypothesis of zero correlation with recording sessions as the degrees of freedom. Our overall type I error rate for the t-tests was a = 0.05, which we corrected for inflation due to multiple comparisons using Bonferroni's method. Note that as the trial-shuffled correction for coherence values involves only subtracting a constant value at each frequency point, this procedure has no effect on correlation coefficients.
Benchmarking craniotomy effect sizes on VEPs and power spectra
To determine whether differences between EEG VEPs recorded before craniotomy and those recorded after craniotomy were best explained by the craniotomy or other sources of variability, we calculated the effect of three sources of variability in the EEG: (i) trialto-trial differences within a session, (ii) day-to-day differences between sessions, and (iii) differences due to the visual stimulus location (left vs. right hemifield). Then, we compared the variability in pre-craniotomy (PC) vs. craniotomy (C) sessions to the magnitude of variability due to the other sources. We used Pearson's correlation (details below) as a measure of similarity between pairs of VEPs.
Before computing correlations, we performed two additional preprocessing steps. First, to control for non-visual stimulation-related signals (e.g., stereotyped eye movements to achieve fixation in the baseline), we subtracted the average response to the blank condition (trials where no stimulus was shown) from each trial on which a visual stimulus was presented. Then, to account for day-to-day variability in the signal-to-noise ratio of our EEG recordings, we calculated a z-score equivalent for each trial using the mean and standard deviation of the voltage 100 ms prior to stimulus onset in the trialaveraged response.
As these correlations were a measure of similarity in our data, we grouped them according to the source of variation in the VEP pair: within-session, between-sessions, between-stimuli (left vs. right) and craniotomy. The correlations measuring within-session similarity included all correlations between VEP pairs of trial subsets from the same recording session (i.e., a random partitioning of trials from each session). The between-session similarity correlations compared VEP pairs where both trial subsets were recorded before the craniotomy or both were recorded after the craniotomy. We only had repeated recording sessions for Monkey B (3 craniotomy sessions) and Monkey W (3 pre-craniotomy sessions and 3 craniotomy sessions), so we could not compute between-session similarity for Monkey R. The correlations that measured similarity between stimulus locations included correlations between opposite hemifield stimuli VEPs for every trial subset, regardless of whether the trial subset was collected before or after the craniotomy. These comparisons were the only correlations between VEPs for different stimuli. Finally, the correlations reflecting similarity before and after craniotomy included all comparisons between a pre-craniotomy VEP trial subset and a craniotomy VEP trial subset. For each comparison group, we found the mean of the r-to-z-transformed correlations within the group and 95% bootstrap confidence intervals. To bootstrap confidence intervals for correlations between pairs of VEPs, we randomly divided the full set of z-scored trials from each session into two subsets and calculated a VEP for each subset. Then, we computed the correlation between pairs of VEPs for comparisons of interest. We repeated this procedure 1000 times for each comparison, and performed Fisher's r-to-z transformation on each correlation coefficient before finding the mean across iterations. Finally, we applied the inverse z-to-r transformation on the mean values for presentation purposes. Data from sessions that had low average withinsession correlations (r < 0.5), indicating excessive variability across trials, were deemed to have excessively non-stationary EEG data and were excluded from analysis (2 of 8 sessions excluded from Monkey W, leaving the 6 sessions listed above). An equivalent analysis was performed to assess craniotomy effect sizes on FFTs of the EEG data from pre-craniotomy and craniotomy sessions. As the FFTs were evaluated over multiple trials regardless of stimulus, there was no between-stimuli comparison.
Results
We recorded local field potentials (LFPs) from chronically implanted Utah arrays in V4 and PFC of macaque monkeys simultaneously with EEG recorded at their scalps to test whether the coherence between the average voltages on the arrays was related to the coherence between nearby EEG electrodes. To address this question, we performed four main analyses: (i) we tested that the relevant EEG electrodes were, in fact, coherent; (ii) we tested for coherence between LFPs (both at short and long distances); (iii) we tested whether LFPs in one brain area were coherent with the EEG signals recorded nearby; and (iv) we tested whether coherence between EEG channels was correlated on a trial-to-trial basis with coherence between the LFPs in the nearby underlying brain areas.
We found that the EEG electrodes of interest were more coherent with each other than would be expected if the trial order was randomly shuffled independently for the two signals (Fig. 2) . Both subjects had greater excess coherence at low frequencies (<40 Hz), which diminished with increasing frequency. We noted intriguing inter-individual differences, also. For example, Monkey W had much greater excess coherence (peaking around a value of 0.25) than Monkey P (peaking around a value of 0.10). Also, excess coherence peaked for Monkey W around the beta band (25 Hz), whereas excess coherence peaked for Monkey P around the alpha band (10 Hz). Despite these substantial differences, the idiosyncratic features of the coherence spectra were fairly consistent across repeated sessions within an individual (standard errors in Fig. 2 are across sessions, see also Fig. 11 which shows separate traces for repeated sessions). This result is in line with the finding that, for human subjects, spectral features of the EEG are both distinct enough between subjects and reliable enough within subjects to be able to identify specific individuals (Napflin et al., 2007; La Rocca et al., 2014) .
Next, we measured the strength of coherence between LFPs recorded on different channels within a given microelectrode array. We found substantial excess coherence between channels within an array (Fig. 3) , again, relative to a trial-shuffled control analysis (see Fig. S2 for raw coherence). Coherence was greatest at low frequencies and at close proximity, and decayed roughly exponentially with increasing distance or frequency. Moreover, the rate of decrease in coherence over distance seemed to accelerate with increasing frequency. At around 46 Hz, coherence did not exceed the trialshuffled values for the most distant pairs of electrodes on the arrays (those separated by 5 mm); but even at frequencies as low as 4 Hz, excess coherence diminished from a peak of around 0.5 for adjacent electrodes by nearly half to around 0.25 for the most distant pairs of electrodes. If spatial proximity was the only determinant of interelectrode coherence, then given these rates of decay, one would expect negligible excess coherence between the two arrays, which were separated by more than three centimetres (Fig. 1) . In contrast, if excess coherence were found between the arrays, this would be a strong indicator of the functional connectedness of the two brain areas.
When we examined LFP coherence between the two arrays, we found strong inter-area coherence (Fig. 4a) . The coherence spectra were similar for the two subjects, with the greatest peak in the theta band (~7 Hz), and a smaller peak around the beta band (~25 Hz). We also found significant excess coherence, albeit only for Monkey P (Fig. 4b) . This excess coherence was around the alpha band (~10 Hz), and was a relatively small effect (D coherence = 0.0077) compared to the excess coherence that we observed for the EEG signals (D coherence = 0.09). This measurement was made by averaging the LFPs across the channels of each array; we also performed an analysis in which we searched for the pair of individual electrodes from each brain area with the greatest excess coherence, and found that the effect size was similarly weak (Fig. S3) . Despite the small effect size, the presence of excess coherence supports the hypothesis that the two brain areas of interest were indeed functionally connected.
That long-range LFP-LFP coherence was so much lesser than EEG-EEG coherence suggested that EEG signals might not be tightly coupled to nearby LFP signals. We confirmed this by measuring the excess coherence between the average LFP signal in each brain area and the nearby EEG electrode. We found that EEG-LFP coherence was not much greater than the trial-shuffled case ( Fig. 5 ; S4); this excess coherence was significant only for Monkey P. It is important to note, however, that for this subject EEG-LFP coherence peaked in the same frequency range (<25 Hz) in which we observed significant EEG-EEG coherence and significant LFP-LFP coherence. As this excess coherence indicates that EEG signals can be related to nearby LFPs on a moment-to-moment basis, one might predict it would be possible to also relate coherence between the two measurement scales from moment-to-moment. This prediction needs to be explicitly tested, however, as the relationship between EEG and nearby LFPs may not be robust enough to index inter-area coherence in practice. In fact, when we directly measured the trial-to-trial correlation between inter-area EEG coherence and inter-area LFP coherence, we did not find any statistically significant relationship for either subject (Fig. 6) . This was true even if we specifically selected pairs of individual LFP channels from each brain area that had the strongest coherence for each session (Fig. S5a) , or if we restricted our analysis to the 20% of trials from each session with the greatest inter-area LFP coherence (Fig. S5b) , which suggests that our failure to find a relationship between coherence measurements at the two recording scales could not be attributed merely to weak inter-area coherence.
It was not the case, however, that oscillatory features in the EEG were completely unrelated to LFP oscillations measured intracranially on a trial-to-trial basis. When we measured the correlation between the amplitude of oscillations at the scalp and intracranially, we found a substantial correlation at both recording sites of interest (Fig. 7) . This is important not only because it demonstrates our ability to detect some relationship between EEG and LFP oscillations, but also because amplitude correlations are also a contributor to the measurement of phase coherence (Lachaux et al., 1999; Srinath & Ray, 2014) . Nevertheless, we were unable to reliably link coherence across the two measurement scales. Although these amplitude . Spearman's rank correlation between frontal-parietal coherence measured at the scalp with EEG and PFC-V4 coherence measured intracranially with local field potentials. We did not find any significant trial-to-trial correlation between coherences at these two measurement scales. Fisher's r-to-z transformation was applied to the correlation coefficients prior to averaging, signified as 'Z(q)'. Shading represents AE 1 SEM. , and the average coherence when trial order was shuffled (dashed). Both subjects showed strong inter-area coherence and had similar coherence spectra, with peaks in the theta and beta bands. (B) Excess coherence (D coherence) when the trial-shuffled value was subtracted from the overall coherence. For both subjects, there was little excess coherence between brain areas, especially when compared to the magnitude of coherence between nearby EEG electrodes (Fig. 2 ). For Monkey P, significant excess coherence was found between 7 to 20 Hz, whereas no significant excess coherence was found for Monkey W. Shading represents AE 1 SEM. Underlining represents frequencies with significant, Bonferroni-corrected, one-sample t-test results at a = 0.05. . Excess coherence (D coherence) between local field potentials measured intracranially and EEG signals measured nearby at the scalp. For both subjects, there was little excess coherence between local field potentials and nearby scalp EEG, especially when compared to the magnitude of coherence between EEG electrodes (Fig. 2) . For Monkey P, significant excess coherence was found at frequencies below 24 Hz, whereas no significant coherence was found for Monkey W. Shading represents AE1 SEM. Underlining represents frequencies with significant, Bonferroni-corrected, one-sample t-test results at a = 0.05. correlations were significant after correction for multiple comparisons only for Monkey P, this general result replicates a previously published finding by our group in two other monkeys . Thus, while EEG can reliably reflect important oscillatory features of nearby underlying cortex such as overall amplitude, it seems that the link between inter-area coherence in EEG and LFPs might not be as robust, at least on the scale of our 16 mm 2 microelectrode arrays. A salient difference between our EEG recordings and those that are more typically used with human subjects is that we introduced craniotomies to implant microelectrode arrays, and this may raise concerns that the alteration of the skull may have fundamentally changed the nature of the EEG signal that we recorded and its relation to underlying neural activity. In anticipation of this potential concern, we collected EEG data from three subjects using a passive visual stimulation paradigm before and after the craniotomy procedure. We then analysed three key features of the EEG signals to assay the magnitudes of effects that the craniotomy may have had on our measurements: (i) the time course, amplitude and topography of the VEP; (ii) the overall power spectrum; and (iii) the coherence between the EEG electrodes nearest the eventual microelectrode array implants.
For each recording session, we calculated a VEP in response to a stimulus in the left visual hemifield (L), a stimulus in the right visual hemifield (R), and no stimulus ('blank' control condition) on each electrode (Fig. 8) . The time course of the pre-craniotomy (PC) and craniotomy (C) VEPs were qualitatively similar; however, the amplitudes during certain noteworthy periods, such as during the 'P1' component (50-150 ms), were different on particular electrodes (Fig. 9A,B) . We noticed comparable amplitude differences between VEPs from repeated experimental sessions within a given surgical condition (i.e., repeated sessions before or after the craniotomy; Fig. 9A,B) . Thus, a simple comparison of VEPs from different craniotomy conditions, which were always from different sessions, did not allow us to distinguish between effects arising from day-to-day variability and potential effects from introducing a craniotomy.
We sought to understand whether the observed differences in the VEPs were the result of the craniotomy or some other source of variability in our EEG recordings. Similarity between VEPs from different sessions was limited by the test-retest reliability of our EEG recordings between sessions, which was affected by day-to-day variability. We quantified how similarity between VEPs was influenced by (i) trial-to-trial variability within a single recording session, (ii) day-to-day variability between recording sessions and (iii) Fig. 7 . Spearman's rank correlation between EEG amplitude measured at the scalp and local field potential amplitude measured intracranially. Compared to the results for coherence (Figs 4 and 5) , there was a stronger trialto-trial relationship between the amplitude of local field potential oscillations and the amplitude of nearby EEG oscillations, particularly at low frequencies. This relationship was significant for Monkey P, but did not survive Bonferroni correction for Monkey W. Fisher's r-to-z transformation was applied to the correlation coefficients prior to averaging, signified as 'Z(q)'. Shading represents AE 1 SEM. Underlining represents frequencies with significant, Bonferroni-corrected, one-sample t-test results at a = 0.05. differences between visual stimulation conditions. Then, we tested whether the similarity between a pre-craniotomy session VEP and craniotomy session VEP was within the confidence interval of typical within-craniotomy VEP similarity. We used Pearson's correlation between VEPs as a measure of similarity. For this analysis, we bootstrapped confidence intervals by randomly dividing the full set of trials for each session into two subsets, computing the correlation between VEPs for pairs of trial subsets during the 'P1' component using all eight electrodes, and then repeating 1000 times with different random subsets. We predicted correlations between VEPs would be strongest within a session, slightly less strong between sessions, and weakest between different stimulus conditions, because visual stimuli in the left and right hemifield evoke characteristically different visual responses.
First, we analysed the variability within a day by comparing VEPs generated from trial subsets of a recording session. VEPs from random subsets of trials within a single recording session were highly correlated as we predicted (Fig. 10A,B,D,E) . Second, we asked how day-to-day variability affected VEPs. We calculated the correlations between VEPs from pairs of sessions that were either both collected before the craniotomy or both collected afterwards. Compared to the correlations within-session, correlations between repeated sessions were slightly weaker, regardless of whether the pair came from before or after the craniotomy (Fig. 10D,E) . Third, we computed the correlations between VEPs for opposite hemifield stimuli (left hemifield vs. right hemifield). We found these to be the weaker than both within-session and between-session correlations ( Fig. 10C-E) , which was also in line with our predictions.
Finally, we compared VEP pairs where one was derived from data collected before the craniotomy and the other was derived from data collected afterwards. Correlations between VEPs collected before and after the craniotomy were very similar to correlations between sessions that were both collected before the craniotomy or both collected afterwards. That is, apparent differences in the VEPs before and after the craniotomy were within the range of test-retest reliability between sessions for all subjects (Fig. 10F) .
As we were especially interested in oscillatory characteristics of the EEG, we analysed the overall power spectra before and after the craniotomy, derived on non-overlapping 30 s segments of the continuous recording from the passive visual stimulation task. We observed that the power spectra appeared similar before and after craniotomy (Fig. 9C,D) . Additionally, we assessed the influence of the craniotomy, day-to-day variability, and trial-to-trial variability on the FFTs via the same procedure we used to benchmark the effects of those sources of variability on the VEP amplitudes (Fig. S6) . We found the correlation between a power spectrum from a session before the craniotomy and a power spectrum from a session after the craniotomy was as high as correlations between power spectra from the same session, and correlations between power spectra from within a craniotomy condition (i.e., both from pre-craniotomy sessions or both from craniotomy sessions). These results are in line with the qualitative similarity between FFTs of EEG data collected before and after the craniotomy. Most critically for validating our main result, we analysed the effect of the craniotomies on the coherence between the frontal and parietal EEG electrodes ipsilateral to the surgical sites during the passive visual stimulation task (Figs 11; S7) . Three subjects were included in this analysis, one of which (Monkey W) also performed the change-detection task. Our first observation was that there was substantial inter-individual variability, much as we observed for the change-detection task (Fig. 2) . Notably, the shape and magnitude of the coherence spectrum for Monkey W for this passive visual stimulation task (Fig. 11, bottom) was similar to what we observed for the same individual during the change-detection task in different experimental sessions (Fig. 2, top) . This suggests that individual characteristics may be a greater determinant of EEG coherence than task demands. Our second observation was that the introduction of craniotomies did not change the overall shape of the coherence spectra. As an example, for Monkey W (for whom we had data from multiple repeated sessions both before and after the craniotomy), the coherence spectra we measured after craniotomy all lied within the range of test-retest reliability of the pre-craniotomy sessions. The other two subjects seemed to show slight increases in coherence after the craniotomies, but these differences were much less extreme than the differences between individuals.
Taken together these results suggest that any alteration of the EEG signal engendered by our surgical intervention is well within the bounds of variation due to factors typical for EEG studies (testretest reliability, inter-individual differences, etc.) and does not invalidate the results of our efforts to relate scalp-level coherence to coherence measured intracranially.
Discussion
We used simultaneous scalp EEG and intracranial recordings to test the hypothesis that scalp-level coherence reflects LFP coherence between disparate cortical areas. Previously, we reported that scalp EEG was related to important oscillatory features of the LFP recorded nearby, such as trial-to-trial variation in amplitude, particularly at low frequencies-a finding that we replicated with the current study. Despite these promising links between the two signal types, we did not find evidence in the current study that long-range scalp EEG coherence was related to longrange LFP coherence recorded intracranially. Both long-range EEG coherence and long-range LFP coherence have been linked to a number of important cognitive functions (Kelly et al., 2003; Deeny et al., 2009; Gregoriou et al., 2009; Salazar et al., 2012; Nacher et al., 2013; van Driel et al., 2014 van Driel et al., , 2017 Fleck et al., 2016) . Our results do not invalidate this existing literature, but rather bring into question the way (or degree) in which coherence is related between these two types of electrophysiological measurements. Continuing investigation into this relationship is necessary to understanding how scalp-level EEG signals, of essential importance to the study of human neurophysiology, are related to micro-and meso-scale neural networks that can be measured intracranially.
There are several potential explanations for the null result we obtained. First, as with any null finding, we may have had insufficient statistical power to detect a small effect. However, based on the trends in our data, this interpretation would suggest that the true relationship between long-range EEG coherence and long-range LFP coherence is so weak that the utility of this tenuous link for interpreting the results of EEG studies would still be questionable. For example, Monkey P, for whom we had the most experimental sessions, showed a peak mean correlation between scalp coherence and LFP coherence of only Z(q) = 0.0088. In comparison, the relationship in overall amplitude between EEG and LFP for that subject was much stronger, peaking at Z(q) = 0.1695 between the V4 array and the nearby scalp electrode. This suggests that EEG can be sensitive enough to reliably index the trial-to-trial variation in amplitude of nearby oscillatory sources, but not the trial-to-trial phase relationships of those same sources. A second potential explanation for the null result is that our EEG electrodes were not optimally placed. One might argue that if only we had placed the electrodes in a different location (e.g., as close as physically possible to the arrays) that we might have detected a relationship. We believe we can rule out this potential objection for several reasons. First of all, modelling studies (Nunez & Srinivasan, 2006) and studies where small amounts of electrical current have been injected into patients undergoing surgery for severe epilepsy (Cohen et al., 1990; Cuffin et al., 1991; van Burik & Peters, 1999; Krings et al., 1999) have shown that focal current sources lead to diffuse voltage topographies on the scalp, suggesting that precise electrode placement is not necessary to detect the influence of distant current sources. Second, because the EEG electrodes were applied to the scalp anew each session, there was inherent day-today variation in electrode placement (in a prior report, we measured the standard deviation of our EEG electrode placement method to be about 0.5 cm in any direction (Snyder et al., 2015) ), yet the results in the current study were highly consistent across sessions within a subject, suggesting that exact electrode placement was not critical. Third, in another prior report , we examined how each of the eight EEG electrodes in our montage related to the amplitude and spatial coherence of LFPs at a single intracortical location and found significant relationships at distances exceeding 5 cm. Finally, in at least one subject for the current study (Monkey P), we observed significant temporal coherence at both scalp sites of interest with the underlying LFPs, which suggests that our electrodes were appropriately placed to detect potential coherence effects. Of course, we cannot rule out that a different EEG montage might have yielded a different outcome. Our current results point to two possible interpretations about the relationship between scalp-level coherence and LFP coherence as we measured it here, either it is (i) weak or absent or (ii) so spatially sensitive, at a level beyond current assumptions of EEG signal propagation, as to be easily missed due to small variations in EEG electrode position.
A third potential explanation for our inability to find a relationship between long-range coherence at the scalp and long-range coherence intracranially is that we may have misestimated scalplevel coherence due to volume conduction effects. The influence of volume conduction on coherence estimates of EEG is a topic wellcovered in the literature (Nunez et al., 1997; Nunez & Srinivasan, 2006; Brunner et al., 2016) . A related concern is the choice of recording reference (Nunez et al., 1997; Nunez & Srinivasan, 2006; Hu et al., 2007 Hu et al., , 2010 Hindriks et al., 2016) , which was the headholder implant in our case. These are legitimate concerns that we are somewhat limited in our ability to address due to the sparsity of our EEG electrode montage. For example, one option for mitigating the potential impact of volume conduction on coherence estimates is to first derive the current source density or to estimate an inverse source solution (Nunez et al., 1997) , neither of which is feasible with our EEG configuration. One thing we tried during preliminary analyses to mitigate this issue was to re-reference each EEG electrode of interest to another nearby EEG electrode at the midline to create a pair of bipolar recordings. In this case, we found that the results were not meaningfully altered, and in fact, noise levels were increased by re-referencing to the other, noisy scalp electrodes (Fig. S1 ). In the end, we decided to proceed with the most straightforward analysis using the original recording reference. Another rebuff to concerns of volume conduction for our analysis is that the LFP recordings are also subject to volume conduction (Herreras, 2016) . Although the reference wires for the Utah arrays were not positioned precisely, they were several centimetres away from the arrays themselves. The critical point is that the LFP arrays would be embedded in the same 'volume' as the EEG electrodes (i.e., the head), and thus would be subject to the same volume conduction effects. To put it another way, volume-conducted current would have to first pass the LFP arrays on the way to the EEG electrodes on the scalp. Therefore, if anything, volume conduction might lead to spuriously strong relationships between coherence measured intracranially and at the scalp, rather than spuriously weak relationships.
The fourth, and potentially most interesting, explanation for our negative result is that the functional connectivity reflected by scalp EEG coherence operates between cortical areas that themselves span a greater spatial scale than that of our 16 mm 2 Utah arrays (we can rule out the alternative possibility that the proper scale of measurement is smaller than that of the array, as our analysis with the most promising single electrode from each area also turned up no relationship with the EEG; Fig. S3 ). Further research will be needed to determine the area of cortex we must observe for which long-range intracranial coherence begins to reflect coherence measured at the Fig. 11 . Effect of craniotomy on frontal-parietal EEG coherence. While some effects of the craniotomy are evident (e.g., higher coherence for Monkeys R and B), the magnitude of these effects appear lesser than the effects of inter-individual variability in the coherence spectra, or in some cases, testretest reliability within a subject (e.g., for Monkey W). Each line represents a separate recording session. Shading represents AE 1 SEM over trials within a session.
scalp. In the meantime, we can look for guidance to modelling studies (Nunez & Srinivasan, 2006) as well as studies using simultaneous electrocorticography and scalp-level EEG in people awaiting surgery for epilepsy (Tao et al., 2005; Ramantani et al., 2016) . These studies suggest that coordinated activity across a patch of cortex with at least 6 cm 2 of gyral surface area is necessary to detect temporally distinct cortical events (such as epileptic spikes) with EEG. Six square centimetres is a substantial piece of cortex. For context, Van Essen et al. (2012) estimated the surface area of 52 human cortical areas (following established parcellation schemes based on cytoarchitecture, retinotopy or somatotopy) and found that more than two-thirds of them (67.3%) had areas less than 4 cm 2 .
Extrapolating their measurements to the entire cortex, they surmised that the average size of a human cortical area is 4.8 cm 2 . All together, these observations suggest that long-range EEG coherence could imply not only coordination between distant brain areas, but also synchrony across multiple adjacent areas. We should emphasize that this synchrony between adjacent areas would have to occur specifically at the centimetre scale and not be detectable on the subordinate scale of several millimeters, or else we might have found stronger coherence between our Utah arrays. If this is true, then EEG coherence studies are likely tapping into fundamentally different sorts of processes than are plumbed by studies of long-range LFP coherence, for which activity in very focal regions of cortex is measured. In the current study, we found that coherence decreased rapidly over distance on the scale of our arrays (i.e., decreasing by more than half over distances from 0.4 to 5 mm in both V4 and PFC). This is similar to the decay of coherence over distance in V1 reported previously (Frien & Eckhorn, 2000; Leopold et al., 2003) . Also, in line with our finding, Kellis et al. (2016) found that correlation between electrocorticography electrodes in humans also decreased by half over a distance of 5 mm. Given these observations, it is truly striking that synchrony on the scales needed to generate measurable long-range coherence at the scalp, likely an order of magnitude larger, occurs regularly enough to be commonly detected in EEG studies.
To summarize, we found no evidence that long-range coherence between scalp EEG electrodes relates to long-range coherence between local field potentials measured on the scale of our Utah arrays, despite finding other relationships between the two scales of measurement. Naturally, further research is needed to determine the scale at which long-range EEG coherence can be related to longrange coherence measured intracranially. Until then, we believe our observations imply that different theoretical frameworks are needed to interpret coherences at these different scales, and that this disparity presents an opportunity to devise a new unifying theory that reconciles the differences in neural communication across these two important types of electrophysiological signals.
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Additional supporting information can be found in the online version of this article: Fig. S1 . Key analyses for EEG data using bipolar referencing. Fig. S2 . LFP coherence estimates between channels within each array as a function of distance between the electrodes. Fig. S3 . Inter-area LFP coherence using the pair of individual electrodes from each array with greatest excess coherence (D coherence) for the session. Fig. S4 . Coherence between the LFP and the nearby EEG electrode, as in Fig. 5, but showing the raw coherence values that have not been trial-shuffle corrected. Fig. S5 . Correlation between LFP data selected to have especially strong inter-area coherence. Fig. S6 . Pre-craniotomy (PC) and craniotomy (C) FFTs are as correlated as those from different sessions within the same craniotomy condition. Fig. S7 . Effect of craniotomy on frontal-parietal EEG coherence, as in Fig. 11, but showing the raw coherence values that have not been trialshuffle corrected.
